To test the hypothesis that during cardiopulmonary resuscitation, chest compression with an unobstructed trachea raises and maintains intrathoracic pressure by collapsing airways and trapping air in the lung, we studied 11 dogs (20-32 kg). An inflatable vest compressed the thorax after induction of ventricular fibrillation. First, tracheal airflow was measured by a pneumotachometer during vest inflation and deflation in nine of the dogs. As expected, during the initial phase of vest inflation of cycles after ventilation, air moved out of the lungs, but then airflow stopped. After vest deflation, however, more air moved out of the lungs in eight of the nine dogs; this occurrence indicated that a portion of the inspired tidal volume was trapped during vest inflation. During cycles without prior ventilation, the amount of air expired by chest compression decreased, paradoxically, at higher peak vest pressures (p<0.002); this occurrence indicated that air was trapped at the higher vest pressures. The change in right atrial pressure was higher on cycles after ventilation than on cycles without prior ventilation (79±12 vs. 67 ±12 mm Hg [mean±SEM], p<0.005), and lung volume was higher on cycles after ventilation (/><0.001). Next, a 5-Fr micromanometer was advanced down the airway in eight of the dogs. With the tip of the micromanometer 5-8 cm distal to the carina, a zone of high pressure was noted in seven dogs; this high pressure suggested a zone of airway collapse distal to the carina. With the micromanometer in the high-pressure zone, there was a correlation between the change in airway pressure and the change in right atrial pressure (r=0.90,/><0.001). Finally, contrast was instilled in the airways of four dogs. In all four dogs, collapse of 3-6-mm airways could be visualized during cineradiography. We conclude that air trapping occurs during vest inflation and that this phenomenon explains how intrathoracic pressure can be generated and maintained despite an unobstructed trachea. (Circulation Research 1989;65:946-954)
I mposed changes in intrathoracic pressure can generate blood flow during cardiac arrest. 1 -3 Studies during cardiopulmonary resuscitation (CPR) have shown that increasing the duration of sternal compression from short (15-30% of the cycle) to long (45-60%) maintains intrathoracic and vascular pressures while augmenting flow. 4 ' 5 It has also been shown that arterial pressure is generally higher on the compression after ventilation than on subsequent compressions. 6 In addition, high levels of intrathoracic pressure and improved survival can be produced by circumferential thoracic compressions from a pneumatic vest, despite an unobstructed trachea. 2 The mechanisms whereby chest compression with an unobstructed trachea raises and maintains intrathoracic pressure, however, are poorly understood.
If the airways were open during chest compression, then intrathoracic pressure would rise with the initial compression of the thoracic contents but would fall despite sustained chest compression as the lungs emptied. If, however, the thoracic volume was constant during chest compression, then intrathoracic pressure would remain elevated during the period of chest compression. Since intrathoracic pressure rises and remains elevated during chest compression, we suspected that vigorous chest compression alters the properties of the airways and leads to airway collapse with trapping of air in the lungs. This air trapping likely reduces the deformation of the chest wall needed to raise intrathoracic pressure and increases the transmission of pressure to the thoracic structures. In addition, air trapping is probably greater when chest compressions begin at higher lung volumes since chest compressions after ventilation result in larger increases in intrathoracic pressure than chest compressions without prior ventilation.
To study the mechanisms whereby chest compression with an unobstructed trachea produces sustained increases in intrathoracic pressure, CPR was performed in intact dogs using a pneumatic vest. Since sternal displacement with the vest is less than 0.8 cm, blood flow during vest CPR occurs because of generalized increases in intrathoracic pressure rather than by direct cardiac compression. 4 Expiratory airflow was recorded throughout the CPR cycles, along with vascular pressures, to determine the relation between lung volume and generated pressure. Pressures at the tip of a catheter were recorded at various points in the airway to determine if there were pressure gradients that might be caused by constricted or occluded bronchi. Finally, contrast material was instilled into the airways, and cineradiograms were taken to visualize any sites of collapse.
Materials and Methods Preparation
Eleven mongrel dogs weighing 20-32 kg were anesthetized with pentobarbital sodium (15 mg/kg i.v.). Supplemental pentobarbital was administered as needed. An endotracheal tube was secured in a tracheostomy, and the dogs were ventilated with room air by a volume-cycled respirator (model 607, Harvard Apparatus, South Natick, Massachusetts). From a femoral cutdown, micromanometer-tipped catheters (PC-470, Millar Instruments, Houston, Texas) zeroed and calibrated at 37° C were placed into the right atrium and ascending aorta, and a bipolar-electrode catheter was placed into the right ventricle. Al l dogs were studied in the supine position. Ventricular fibrillation was induced by applying 60 Hz alternating current to the bipolarelectrode catheter.
Protocols
Airflow. This protocol was designed to measure airflow expired from the lungs during vest inflation and deflation. The vest extended from the sternal notch to the xiphoid anteriorly and from the axilla to cover all of the ribs laterally. In nine dogs, the vest was inflated and deflated 50-60 times/min by a programmable pneumatic generator, 7 with inflation for 40% of the cycle. The rise time of vest pressure was 100-150 msec. The dogs were ventilated with a tidal volume of 500 ml, which was delivered during the 200 msec just before the start of each vest inflation. Peak vest pressure was initially set to 50 mm Hg and was maintained at that level until the pressure and flow waveforms stabilized (15-20 cycles). The peak vest pressure was then increased in increments of 30-90 mm Hg up to a maximum of 280-440 mm Hg. At each increment, pressure and flow waveforms were allowed to stabilize. Ventilation was then stopped, airflow was recorded during 10-20 of these nonventilated cycles, and ventilation was then restarted.
Chest compression was also performed with sternal displacement from a pneumatically driven piston (Thumper, Michigan Instruments, Grand Rapids, Michigan) in three of the dogs to determine if the airflow patterns were similar to those produced by vest inflation. As above, ventilation with a tidal volume of 500 ml occurred just before the start of compression. The rate and duration of compression were similar to rate and duration of vest inflation.
Airway pressure. This protocol tested whether there were pressure differences along the airways during vest inflation. In eight dogs, a 5-Fr micromanometer-tipped catheter (side-mounted pressure sensor, PC-450, Millar Instruments) was advanced down the airway in increments of 1-2 cm while airway pressure was recorded. Advancement of the catheter was stopped if there was a sudden large increase in airway pressure or if there was any significant increase in resistance to advancing the catheter. The catheter was then withdrawn in increments of 1-2 cm as pressure was recorded. At least two levels of peak vest inflation pressure were studied in the range of 50-300 mm Hg. After completion of recordings, the catheter was readvanced, as noted, and secured so that its position could be noted at autopsy. This airway pressure protocol provided for 500 ml tidal volume delivered into the airways just before vest inflation (ventilation) and was repeated without prior lung inflation (no ventilation).
Cineradiography. This protocol determined whether a site of airway collapse could be visualized. Powdered tantalum (type Q, NRC, Newton, Massachusetts) or barium suspension (Barosperse, Mallinckrodt, St. Louis, Missouri), was instilled into the airways of four dogs. The powdered tantalum was aerosolized 8 to deliver it into the airway. The barium was injected through the lumen of the airway catheter. Cineradiograms were taken at 60 frames/sec in anterior-posterior and lateral projections.
Measurements
Expired airflow and airway pressure were measured with the apparatus shown in Figure 1 . During inspiration, air flowed into the endotracheal tube from the ventilator (Bear 1, Bourns, Riverside, California) through the ventilator valve. Airflow through the pneumotachometer (model ]/UL T FIGURE 1. Schematic drawing of apparatus for measuring airway pressure and expired airflow. The pneumotachometer measured only expired airflow. The catheter (5-Fr micromanometer) could be advanced into the lumen of the endotracheal tube through the side port for measurement of airway pressure. A seal prevented air from leaking out of the side port around the catheter. 305, CDX, Aurora, Colorado) was blocked by the clamping valve. During expiration, the clamping valve was open, the ventilator valve was closed, and air flowed from the endotracheal tube through the pneumotachometer. During nonventilated cycles, the clamping valve was open and the ventilator valve was closed for the entire cycle. The pressure drop across the pneumotachometer was measured by a differential transducer (DP-45, Validyne Engineering, Northridge, California) with an accuarcy of at least ±0.01 cm H 2 O. The pneumotachometer was calibrated with a Stead-Wells spirometer (Warren Collins, Braintree, Massachusetts). The resistance of the pneumotachometer was 3.4 mm H 2 O/l/sec. A 5-Fr micromanometertipped catheter (side-mounted pressure sensor, PC-450, Millar Instruments) could be advanced into the lumen of the endotracheal tube through a side port for measurement of airway pressure. Sternal force was measured by a precision force transducer (PCB Piezotronics, Depew, New York).
Pressure, force, and flow signals were recorded on an eight-channel oscillographic recorder (Gould, Cleveland, Ohio) and were digitized and stored by a microcomputer-based data acquisition system. 9 The volume of expired air during vest inflation was determined by integrating the digitized airflow signal. Flow-volume curves 10 were constructed by use of data from one vest inflation phase of the CPR cycle at each level of vest pressure.
Statistical Analysis
The relation between the change in right atria] pressure produced by vest inflation and the change in pressure measured by the airway catheter was tested with regression analysis. Differences between paired data were tested with the paired t test. A value of p<0.05 was considered statistically significant. Data are expressed as mean±SEM. 
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Results Airflow
Expired airflow was measured during vest inflation and deflation in nine dogs. Figure 2 is an original record showing representative tracings from the airflow protocol, when inspiration was before each vest inflation. Air moved out of the thorax as vest pressure increased at the start of vest inflation (left vertical line). As vest pressure was maintained, however, air flow was interrupted, as shown by the decrease in airflow to nearly zero after the initial pulse of airflow. During vest deflation (right vertical line), more air moved out of the thorax. This occurrence indicated that air was trapped above functional residual capacity (FRC) during vest inflation. On release of the vest pressure, the trapped air was passively discharged by the elastic recoil of the respiratory system. Similar tracings were obtained in eight of the nine dogs. In one dog, all of the inspired tidal volume was expired during chest compression.
Expired airflow during CPR with the mechanical chest compressor is shown in Figure 3 . Inspiration occurred just before the onset of chest compression. As with vest inflation, there was an initial movement of air out of the thorax as chest compression started. There was then cessation of airflow for the remainder of chest compression. With release of chest compression, there was, again, movement of air out of the lungs, indicating that air was trapped above FRC during chest compression.
Expiratory flow-volume curves obtained at several levels of vest pressure in one dog are shown in Figure 4 . Inspiration with 500 ml occurred just before each vest inflation. The lungs were at functional residual capacity before each inspiration since the entire inspired tidal volume (500 ml) was always expired from the lungs before each subsequent inspiration. The curve obtained at the lowest vest pressure (50 mm Hg) shows that all but 80 ml of the tidal volume was forced out of the lungs during vest inflation. The remaining 80 ml was expired during vest deflation (not shown in figure) . The curve obtained at the highest vest pressure (330 mm Hg) shows that less than half of the tidal volume was expired during vest inflation; the rest was trapped. This trapped air was expired during vest deflation, as shown in Figures 2 and 3 .
The air trapped during vest inflation with low (50 mm Hg) and high (280-400) peak vest pressures is shown in Figure 5 for all dogs. Inspiration with 500 ml occurred before each vest inflation. At the low vest pessure, only 24±10 ml was trapped above FRC during vest inflation and then discharged after vest deflation. At the high vest pressure, however, 198±33 ml was trapped (/><0.001).
Since some of the inspired tidal volume remained in the lungs at the end of vest inflation, lung volume at the end of chest compression was greater than There was an increase in the amount of air remaining in the lungs when peak vest pressure was increased (p<0.001).
FRC (Table 1 , Figures 4 and 5) . When vest inflation occurred without prior ventilation, however, lung volume at the end of chest compression was less than FRC (Table 1) , but there was still evidence of air trapping because less air was expired at higher peak vest pressures ( Figure 6 ). In addition, the change in right atrial pressure produced by vest inflation was greater on cycles with prior ventilation than on cycles without prior ventilation (Table 1 ). Finally, the increased trapped volume produced by increased levels of peak vest pressure was associated with more sustained levels of right atrial pressure ( Values are mean±SEM (n=9). With tidal volume=0, the trachea was open to atmosphere for the entire vest inflation/ deflation cycle. With tidal volume=500 ml, inspiration occurred just before vest inflation. Right atrial pressure and lung volume changes are with respect to those just before vest inflation. Negative lung volume changes represent a decrease in total lung volume.
•p<0.005 vs. 0 ml.
tp<0.001 vs. 0 ml. pressure at end compression was a higher percentage of the peak pressure.
Airway Pressure
Airway pressure was measured during catheter withdrawal in eight dogs. Figure 7 shows the decrease in phasic pressure changes measured by the airway catheter as it was withdrawn in one dog. Data are shown both with (left panel) and without (right panel) ventilation before vest inflation. With the catheter advanced approximately 6-8 cm beyond the carina, the large increases in airway pressure (left side of each panel) were simlar to the pressure changes in the right atrium (Figure 8 ). When the catheter was withdrawn approximately 2 cm (Figure 7 , arrows), it recorded much smaller increases in pressure (right side of each panel). This decrease in phasic pressure changes suggests that there was a locus of constriction or collapse approximately 4-6 cm distal to the carina, in small-or medium-sized airways, whether or not ventilation occurred. Similar tracings were recorded in seven of the eight dogs. The same dog that showed no increase in airway pressure during catheter advancement also showed no evidence of air trapping from the airflow tracings. At autopsy, the catheter tips were found to be in airways that were larger in diameter than the catheter.
Cineradiography
Powdered tantalum or barium suspension was instilled into the airways of four dogs, and cineradiograms were taken at 60 frames/sec during vest inflation and deflation to demonstrate the site of any airway collapse. 
Discussion
Since over 300,000 people die each year from cardiac arrest and since conventional CPR is often unsuccessful, 11 there has been increasing interest in alternative methods of CPR. 1 -3 -12 - 15 One of the more promising alternative methods is vest CPR, which, in animal studies, has produced higher levels of intrathoracic pressure and improved survival over standard manual CPR. 2 -3 Air trapping may be a critical mechanism for this improved efficacy.
Three different observations showed that airway collapse with subsequent air trapping occurred dur- ing vest inflation. First, when lung inflation occurred just before chest compression, expiratory airflow decreased quickly, but the lungs did not empty completely. When vest pressure was released, additional air moved passively out of the lungs; this air represented a fraction of the tidal volume trapped above FRC during chest compression (Figure 2 ). In addition, when there was no lung inflation before chest compression, the amount of air expired by chest compression decreased as peak vest pressure was increased ( Figure 6 ); this decrease indicated that air was trapped at the higher vest pressures. Second, a zone of high pressure was noted during vest inflation when a catheter was advanced into the small-to-medium-sized airways, whether or not there was ventilation (Figure 7) ; this high-pressure zone suggested that there was a collapsed or constricted locus. Third, after contrast material was instilled into the airways, cineradiograms showed approximation of opposite sides of some airways during vest inflation (Figure 9 ).
The expiratory flow-volume curves in our experiments ( Figure 4 ) indicate that flow limitation occurred. When lung volume was in the range of FRC+200-300 ml, increasing levels of vest pressure caused no further increases in expiratory flow. The air-flow dynamics produced by chest compression have some similarities with expiratory flow limitation during voluntary forced expiration. At any given lung volume during forced expiration, there is a maximum expiratory flow rate that cannot be exceeded despite higher levels of intrathoracic pressure produced by greater expiratory effort. 16 -20 According to Mead et al, 17 this phenomenon of expiratory flow limitation occurs because some portions of the intrathoracic airways become compressed when their surrounding pressure exceeds the pressure within the airways. This causes the airways to narrow; this narrowing increases their resistance and counteracts the increased pressure in the alveolar spaces caused by the increase in expiratory effort. A related explanation was given by Pride et al, 18 who suggested that flow limitation occurs when the transmural pressure at a specific locus in the airway decreases to a critical level at which the airways collapse. Once this occurs, further increases in expiratory effort cause the intraluminal pressure at the collapsed locus to increase by the same amount as alveolar pressure; thus, there is no further increase in expiratory flow. More recently, proposed that expiratory flow limitation occurs because the velocity of gas cannot exceed the velocity at which pressure waves propagate through the airway (wave speed). Increased expiratory effort causes gas velocity to increase and airway wave speed to decrease due to airway narrowing. When the two become equal, further increases in intrathoracic pressure are dissipated as shock waves without further increases in flow.
In the present studies, vest inflation elevated intrathoracic pressures to levels equal to or greater than those at which flow limitation occurred in previous studies. 16 -18 Moreover, the intrabronchial pressure measurements (Figure 7 ) and the cineradiographic images (Figure 9 ) closely resemble those observed during expiratory flow limitation in humans and dogs. 21 -23 The flow-volume curves produced by vest inflation, however, showed precipitous decreases in expiratory flow at lung volumes well above residual volume or even FRC (Figure 4) . Moreover, these striking decreases in expiratory flow became more marked as vest pressure was increased. In some experiments with ventilation just before chest compression, flow actually ceased at the highest levels of vest pressure even though part of the tidal volume remained in the lungs. In addition, in experiments with no ventilation before chest compression, the amount of expired air decreased as vest pressure was increased.
Small decreases from maximal flow despite increasing effort, or negative effort dependence, have been previously observed during forced expiratory maneuvers. 16 -19 One explanation for this negative effort dependence is that gas compression causes lung volume to decrease. The resulting decrease in lung elastic recoil pressure, which is an important determinant of flow, 16 -19 causes the flow to decrease. This mechanism probably contributed to the negative effort dependence observed at high vest pressures but could not account for the apparent trapping of gas above FRC when the lungs were inflated before chest compression. The striking decreases in expiratory flow, after maximal flow was attained with vest inflation, suggest that the mechanisms involved were markedly exaggerated or entirely different from those previously proposed.
A simple explanation for the marked negative effort dependence observed during vest inflation is that the pressure surrounding the lungs rises heterogeneoush/. If the pressure around the lungs in the midthorax was higher than in the lower thorax, the higher pressure in the midthorax could act like a sphincter collapsing airways and trapping air. Since the diaphragm and abdomen are compliant, chest compression will cause the thoracic contents to move caudad. In addition, the abdomen bulges outward during chest compression since the vest does not cover it. A gradient of pressure, therefore, has to exist from the thorax through the abdomen. It is likely, then, that the more caudad portions of the lungs could have a lower pressure around them; that is, they were pushed out of a higher pressure zone.
Increased air trapping, produced by increased vest pressure, was associated with higher and more sustained levels of intravascular pressure during chest compression (Table 2) . At lower levels of vest pressure, the lungs emptied more fully during the period of compression; thus, a marked decline in intravascular pressure was produced ( Table 2) . With higher levels of vest pressure, however, the lungs did not empty as much during each compression because of air trapping. This decrease in emptying at higher vest pressures was present whether or not ventilation occurred before vest inflation ( Figures 5  and 6 ). The higher peak vascular pressures can be explained by the higher peak vest pressures alone. The more sustained nature of the vascular pressures, however, cannot. It appears that the increased air trapping at the higher vest pressures increased the efficiency with which vest pressure was transmitted to the intrathoracic space.
The mechanisms whereby air trapping increases the efficiency with which vest pressure is transmitted to the intrathoracic space remain to be elucidated, although one possible explanation is that air trapping reduces the degree of chest wall deformation due to expiratory airflow. Since vest inflation will decrease thoracic volume by forcing blood out of the chest, by compressing the gas in the lungs, by thrusting some of the thoracic contents into the abdomen, or by expiratory airflow, any decrease in expiratory airflow would reduce the amount of chest deformation at any level of vest pressure. At the reduced amount of chest deformation, less of the force applied to the chest would be needed to compress the elastic structures of the thorax and would result in greater transmission of vest pressure to the intrathoracic space.
Changes in right atrial pressure, rather than changes in arterial pressure, were compared with changes in airway catheter pressure since the large compliance of the venous structures makes the transmural pressure near zero when they axe externally pressurized (from intrathoracic pressure). Right atrial pressure changes should, therefore, track changes in intrathoracic pressure. Changes in arterial pressure are more complicated, however, since they can be influenced dramatically by arterial runoff. This latter phenomenon is shown by the marked increase in aortic diastolic pressure that occurs when epinephrine is administered during resuscitation. 1 -2 There are several important clinical implications of air trapping. First, the virtual cessation of expiratory airflow during chest compression may explain how intrathoracic pressure can be maintained despite an unobstructed trachea. This maintenance of pressure can augment blood flow. 4 Second, since the generated vascular pressure is related to the volume of trapped air, it follows that techniques that produce increased air trapping will also generate higher levels of intrathoracic pressure, which can also augment blood flow. 4 Third, since lung inflation before chest compression augments generated vascular pressure by increasing the volume of trapped air, the efficacy of CPR may be improved by ventilation before every chest compression. Finally, in previous studies, chest compression simultaneous with ventilation and binding of the abdomen has been used with improved efficacy over conventional CPR. 1 -3 ' 12 Endotracheal intubation, abdominal binding, and a device to deliver simultaneous pulses of air at different pressures to the airway and to the chest compressor were required in those studies. A simpler device would seem to have wider clinical applicability. The vest system used in this study requires neither simultaneous ventilation nor manipulation of the abdomen.
In conclusion, it has been shown that airway collapse with subsequent trapping of air in the lungs occurs during CPR from vest inflations and pistonproduced chest compressions. Air trapping can explain how intrathoracic pressure can be maintained for the duration of chest compression despite an unobstructed trachea and why, because of increased air trapping, intrathoracic pressure is augmented on the compression after ventilation. Air trapping may also be critical to generation of intrathoracic pressure under all forms of closed-chest CPR.
